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The diffusion kinetics in a CoCrFeMnNi high entropy alloy is investigated by a combined radiotracer–
interdiffusion experiment applied to a pseudo-binary Co15Cr20Fe20Mn20Ni25 / Co25Cr20Fe20Mn20Ni15 couple.
As a result, the composition-dependent tracer diffusion coefficients of Co, Cr, Fe and Mn are determined. The
elements are characterized by significantly different diffusion rates, with Mn being the fastest element and Co
being the slowest one. The elements having originally equiatomic concentration through the diffusion couple
are found to reveal up-hill diffusion, especially Cr and Mn. The atomic mobility of Co seems to follow an
S-shaped concentration dependence along the diffusion path. The experimentally measured kinetic data are
checked against the existing CALPHAD-type databases.
In order to ensure a consistent treatment of tracer and chemical diffusion a generalized symmetrized continuum
approach for multi-component interdiffusion is proposed. Both, tracer and chemical diffusion concentration
profiles are simulated and compared to the measurements. By using the measured tracer diffusion coefficients
the chemical profiles can be described, almost perfectly, including up-hill diffusion.
Keywords: High-entropy alloys, CoCrFeMnNi, Interdiffusion, Radiotracer diffusion, Pair-wise diffusion model, CALPHAD
databases
I. INTRODUCTION
In most of the engineering applications alloys are used
which consist of one or two element(s) as the principal
element(s) and they are supplemented with (typically minor)
alloying elements to improve their physical and mechanical
properties. However, multi-principal-element alloys were
not preferred, since according to the Gibbs phase rule they
lead potentially to formation of intermetallic compounds
with usually brittle complex structures. A new class of
multicomponent alloys, called high entropy alloys (HEAs),
containing five or more principal elements in equiatomic or
nearly equiatomic proportions promise to provide attractive
mechanical properties including attractive strength-ductility
combinations both at high- and low temperatures1. Due to
their high configurational mixing entropy (∆Smix) HEAs
were suggested to form fcc and/or bcc simple solid solution
phases instead of complex intermetallic phases2.
As a counterpart to the configurational entropy, recent
studies mention the importance of the formation enthalpy
in determining the phase stability in HEAs. After Zhang
et al. the high mixing entropy state does not always have
the lowest Gibbs free energy3. Moreover, complex phases
may precipitate in HEAs after long annealing treatments,
typically at not too high temperatures. As well important as
the configurational entropy are vibrational, electronic and
magnetic contributions to the entropy, shown by ab-initio
calculations for the CoCrFeMnNi alloy4. Even short anneal-
ing of the severely plastically deformed CoCrFeMnNi alloy
at a temperature of 450◦C results in a phase decomposition,
suggesting that a high mixing entropy does not guarantee the
phase stability5,6. Furthermore, the single phase observed in
HEAs might be a high temperature phase with a kinetically
constrained transformation5.
Focusing on high temperature mechanical properties7,8,
creep strength9–12, oxidation resistance13–15 and coating
applications16, numerous HEAs have been investigated
following an originally introduced paradigm of four ’core’
effects, i.e. a high entropy, severe lattice distortion, ’cock-
tail’ effect and ’sluggish’ diffusion2. These basic principles
are questioned now17,18, nevertheless the understanding
of the diffusion kinetics in HEAs, which is assumed to be
responsible for the unique features like excellent thermal
stability, decelerated grain growth, formation of nano-
precipitates1 and an excellent resistance to grain coarsening
in a nanocrystalline CoCrFeNi alloy19, is of fundamental
significance.
The present knowledge about diffusion in HEAs is lim-
ited to few interdiffusion investigations in couples or
multiples20–22 and direct radiotracer diffusion measure-
ments in polycrystalline and single crystalline CoCrFeNi
and CoCrFeMnNi23–26. Interdiffusion coefficients in a
CoCrFeMn0.5Ni alloy were determined using a quasi-
binary approach20, originally known as pseudo-binary
approach29, proposing the evaluated diffusivities to be ap-
proximately equal to the intrinsic and tracer diffusivities of
the equiatomic CoCrFeMnNi alloy with a thermodynamic
factor of about unity20. In fact, this assumption was found
to be correct in the framework of the random alloy model30.
However, the basic principles of the analysis by Tsai et
al.20 were seriously questioned recently31. The direct
radiotracer measurements, being focused on measuring the
bulk and short-circuit diffusion rates of the constituting
elements in absence of any chemical interaction due to low
diffusant concentrations, are preferable but typically limited
to single compositions of the given alloy system. Moreover,
recently it was shown that the thermodynamic factor (more
specifically the product of the thermodynamic factor and
the vacancy wind effect), being indeed about unity in
CoCrFeNi, deviates strongly from unity in CoCrFeMnNi32.
In metallic materials the diffusion model implemented in
2the DICTRA (Diffusion Controlled Phase Transformation)
software is the most common continuum model based on a
sublattice description33–35. In a three dimensional setting
nowadays the multicomponent multiphase-field method
with an integrated sublattice description is applied to phase
transformations and microstructural evolution36. In both
implementations diffusion is combined with CALPHAD
(Calculation of Phase Diagrams) type thermodynamic and
kinetic databases to account for temperature and composi-
tion dependent Gibbs energies and atomic mobilities37,38.
The DICTRA diffusion model is based on a reference
element, which is predefined in most alloys by its principal
element. In case of equiatomic alloys, like HEAs, the selec-
tion of a reference element is arbitrary. Several databases
were developed for different main elements, e.g TCNI
Ni-based Superalloys Database or Thermo-Calc Software
TCFE Steels/Fe-alloys Database. They can be extrapolated
into the equiatomic region but this can lead to inaccuracies.
Currently thermodynamic databases especially designed for
HEAs were published: Thermo-Calc Software TCHEA3
Database39 and another one developed by Hallstedt’s
group40. Furthermore a mobility database (Thermo-Calc
Software MOBHEA1 Database41) was published, which is
based on the MOBNI4 mobility database42.
The present work is focused on combined radiotracer
and interdiffusion experiments in HEAs determining the
concentration dependent tracer diffusion coefficients with-
out estimation of the interdiffusion coefficients, that would
be conceptually hindered due to appearance of up-hill
diffusion effects. Simulations of both, the radiotracer and
interdiffusion concentration profiles were performed using
a new generalized multi-component diffusion model. This
so-called pair-wise diffusion model (PD-model) is shown
to be especially appropriate for the compositions about
equiatomic ones that makes the model particularly suitable
for HEAs. In the binary case and in the dilute limit it
reduces to the DICTRA model. The simulations are used
to compare the existing databases, with a special focus on
multi-component diffusion kinetics and cross correlation
effects, with the newly determined composition dependent
tracer diffusion coefficients. The simulations show the
importance of accurately measured kinetic data combined
with an appropriate diffusion model and a database.
II. EXPERIMENTAL PROCEDURE
A. Sample preparation
Polycrystalline Co15CrFeMnNi25 and Co25CrFeMnNi15
samples were produced by arc melting of a mixture of pure
elements and homogenized subsequently at 1473 K for 48
hours under purified Ar atmosphere. Here and below the el-
ement concentrations are given in at.% and, if not explicitly
specified by a proper sub-index, the element concentration
is equal to 20 at.%, that corresponds to an equiatomic com-
position of the quinary alloy.
Cylindrical samples with a diameter of 8 mm and a
thickness of 1.7 mm (Co15CrFeMnNi25) and 0.7 mm
(Co25CrFeMnNi15) were cut by spark-erosion and etched
carefully with aqua regia to remove any contamination. The
opposite faces of each specimen were polished by a standard
metallographic procedure to a mirror-like quality. A diffu-
sion couple was assembled by fixing the two samples and
pressing them together by screws in a steel tube. Tungsten
discs were used as separators between the fixture and the
samples. Two identical couples – one for the radiotracer and
one for the interdiffusion experiments – were prepared in or-
der to prevent any radioactive contamination of the electron
probe microanalyzer (EPMA). The preparation of couples
was performed in a glove-box under a pure nitrogen atmo-
sphere with ≈ 1.5 mbar over-pressure.
The assembled fixture was sealed into silica tubes under a
purified (5N) Ar atmosphere and subjected to the diffusion
annealing at a temperature of 1373 K for 48 hours. The tem-
perature was measured and controlled by a Ni–NiCr thermo-
couple to an accuracy of ±1 K.
B. Interdiffusion experiment
After the diffusion annealing, one couple was embedded
in epoxy and cut perpendicular to the surface in two halves
using a diamond wire saw. The halved disks were then
embedded in a conductive epoxy. Measurements using a
CAMECA SX100 EPMA were carried out at an accelerat-
ing voltage of 15 kV and a beam current of 40 nA using
pure standards for all elements. In order to measure the con-
centration profiles of the constituting elements multiple ded-
icated line-scans perpendicular to the interface between both
sample parts were performed. The line-scans were set to a
total length of 400 µm – approximately 200 µm in each sam-
ple half – with a step size of 1 µm.
C. Radiotracer experiment
The radiotracers 57Co, 51Cr, 59Fe and 54Mn were avail-
able as HCl solutions. The original solutions were highly di-
luted with double-distilled water achieving the required spe-
cific activity of the tracer material. A mixture of the tracers
(57Co+51Cr+59Fe+54Mn) with the radioactivity of about
5 kBq for each tracer was applied on each polished sample
surface and dried. Subsequently the diffusion couple was as-
sembled as described above and subjected to the given dif-
fusion annealing treatment. Since all elements whose ra-
dioactive isotopes are used are already present in the com-
pound, their simultaneous application does not induce any
additional cross-correlation effects. Therefore, reliable data
on tracer diffusion coefficients in the alloys were obtained.
Since the available 63Ni radioisotope emmits only β-quanta,
its decays cannot be recorded by the γ-spectrometry. A sep-
arate (i.e. third) experiment would be required that is a sub-
ject for future work.
After the diffusion annealing, the diffusion-bonded couple
was reduced in diameter by about 1.5 mm in order to remove
the effects of lateral and surface diffusion. The penetration
3Figure 1. Orientation imaging microscopy at the interface of the Co25CrFeMnNi15-Co15CrFeMnNi25 HEA couple and the corresponding elemental maps
obtained by EDX analysis. The grain orientations are colored according to the inverse pole figure (bottom left panel).
profiles were determined by precise parallel mechanical sec-
tioning using a grinding machine and grinding paper with
SiC grains of about 30 µm. Before and after sectioning the
section masses were determined by weighing the samples on
a microbalance to an accuracy of 0.1 µg.
The sectioning began from the Co15CrFeMnNi25 alloy
(which was prepared as a thicker disc) by gluing the
Co25CrFeMnNi15 side to a holder. As soon as the back-
ground for all isotopes was reached, the sectioning was
stopped. Then the couple was dismounted from the
holder, reverted and glued again to the holder by the
Co15CrFeMnNi25 side. Afterwards, the sectioning was con-
tinued from the Co25CrFeMnNi15 side till the Matano plane
was reached (that corresponded to an increase of the radioac-
tivity) and then till background was approached again. This
approach allowed to measure in a single experiment three
concentration profiles: two profiles for tracer diffusion in
the unaffected end-members of the couple and one profile
corresponding to tracer diffusion in both directions from the
Matano plane which proceeded parallel to the chemical in-
terdiffusion.
A density variation induced in the alloy by chemical dif-
fusion was neglected that introduces an uncertainty in the
depth coordinate y below 1 %. Since the initial thicknesses
of the samples were carefully measured, a continuous coor-
dinate y through the whole couple was in fact determined.
The relative radioactivity of each section was measured by
an available pure Ge γ-detector equipped with a 16 K multi-
channel analyzer. All used radioisotopes, 57Co, 51Cr, 59Fe
and 54Mn, decay emitting the γ-quanta whose energies43–46
can easily be discriminated by the available setup with the
energy resolution of about 0.7 eV. The relative radioactivi-
ties for each isotope were carefully determined by the back-
ground subtraction, including the Compton scatter.
The tracer concentration in a section is proportional to the
section activity divided by the section mass. As a result, the
tracer concentration profiles, c∗E(y), were determined where
E is the corresponding element, i.e. 57Co, 51Cr, 59Fe or
54Mn.
III. EXPERIMENTAL RESULTS
A. Microstructure analysis
The microstructure and the chemical composition of the
couple near the interface after diffusion annealing was ex-
amined by orientation imaging microscopy using Electron
Back-Scatter Diffraction (EBSD) and Energy Dispersive
X-Ray Spectroscopy (EDX). Figure 1 presents the region
where the original interface between both high-entropy al-
loys was located and shows the grain orientation mapping
using the inverse pole figure (bottom left) and the chemi-
cal maps. The grains were found to be larger than 500 µm
on average and the chemical maps verify the homogeneity
of the equiatomic constituents in both alloys far from the
Matano plane and chemical gradients of Co and Ni at the
interface. Furthermore, the chemical maps reveal several lo-
cal thin gaps between the two alloys (e.g. top left corner
of the given chemical maps). At such gaps the Mn con-
centration tends to be decreased. However, these spurious
gaps are relatively small and localized and both alloys are
almost in perfect contact. At the positions with a perfect
contact (and simultaneously far from any grain boundary)
the EPMA analysis was performed. Correspondingly, com-
position profiles corresponding to true volume interdiffusion
were determined.
4-200 -100 0 100 200
14
16
18
20
22
24
26
-600 -200 0 200 1000 1200
C
om
po
si
tio
n 
[a
t. 
%
]
y [µm]
 Co
 Cr
 Fe
 Mn
 Ni
T = 1373 K
t = 48 h
T = 1373 K
t = 48 h
re
la
tiv
e 
sp
ec
ifi
c 
ac
tiv
ity
 [a
rb
. u
ni
ts
] Co
 Cr
 Fe
 Mn
y [µm]
a) b)
Figure 2. a) EPMA-analysis of the constituents at the interface and b) penetration profiles measured for tracer 57Co, 51Cr, 59Fe and 54Mn diffusion (open
symbols) from the outer surfaces and the internal source located at the original interface between the two alloys (the Gaussian fits are represented by the
straight lines). In b) the tracer profiles are shifted by multiplication with a constant factor for a better readability.
B. Diffusion experiments
1. EPMA interdiffusion measurements
Figure 2a shows the concentration profiles of all consti-
tuting elements measured by electron probe microanalysis.
Each profile was smoothed using the Savitzky-Golay filter
method performing a local second order polynomial regres-
sion over 50 data points.
The origin of the depth coordinate y was set at the position
of the Matano plane47 of Co using
(cL − cR)yM +
∫ cM
cL
ydc +
∫ cR
cM
ydc = 0, (1)
with cL being the concentration on the left-hand side, cR
the concentration on the right-hand side, cM the concen-
tration at the Matano plane and yM the position of the
Matano plane. The position of the Matano plane was al-
most the same within the experimental uncertainties when
determined using the Ni concentration profile, as it should
be for a pseudo-binary couple29. However, a careful inspec-
tion of the concentration profiles in Fig. 2a reveals that we
are dealing with a non-ideal pseudo-binary couple (in terms
of Ref.31) since the Ni and Mn concentrations in the nom-
inally Co25CrFeMnNi15 alloy deviate by less than 0.4 at.%
from their nominal values.
A remarkable feature is the appearance of up-hill diffusion
in the concentration profiles of the nominally equiatomic
constituents Cr, Fe and Mn. Especially, the Cr- and Mn-
concentration profiles show distinct and oppositely directed
up-hill diffusion, Fig. 2a.
The radiotracer experiment with combined interdiffusion
was performed separately under the same conditions like the
sole interdiffusion experiment, at 1373 K for 48 hours. The
tracer solutions were applied on all four polished sample sur-
faces.
2. Tracer diffusion measurements
Figure 2b shows the measured penetration profiles for
tracer diffusion of 57Co, 51Cr, 59Fe and 54Mn. The origin of
the y coordinate is set at the interface of the diffusion couple
which roughly corresponds to the Matano plane in Fig. 2a.
A slight disagreement between the y scales in Figs. 2a and
b stems from the accuracy of sample’s thickness measure-
ments, (non-propagating!) error of thickness determination
of individual sections and the accuracy of the sample orien-
tation for grinding perpendicular to the diffusion direction.
A comparison of Figs. 2a and b substantiates that outer tracer
concentration profiles are located in regions without any in-
fluence of the chemical driving force and correspond to dif-
fusion in not-affected end-members of the couple. There-
fore, the corresponding tracer concentrations have to follow
a thin film solution of the diffusion problem47,
c∗E(y, t) =
ME√
piD∗Et
exp
(
−
(y− y0)
2
4D∗Et
)
(2)
where ME denotes the initial amount of the tracer E, c∗E the
concentration of the tracer E in the layer, which is propor-
tional to the relative specific activity of the tracer, y0 the
origin of the diffusion source, i.e. the left or right end of the
couple, and D∗E the corresponding volume diffusion coeffi-
cient. Excepting few very first data points, all concentration
profiles follow the Gaussian solutions over two to three or-
ders of magnitude in decrease of the tracer concentration, as
indicated by the solid lines in Fig. 2b.
At larger depths, all penetration profiles – both the outer con-
centration profiles for end-members as well as the interface-
related concentration profiles – reveal the existence of sec-
ond, fast-diffusion branches. These branches correspond
to grain boundary diffusion in the polycrystalline alloys as
it was observed in our previous measurements of volume
diffusion in CoCrFeNi and CoCrFeMnNi alloys23,25. In
5the present report we are focused on the volume diffusion
branches.
The solid lines in Fig. 2b represent the expected Gaussian
solutions of the first diffusion branches which represent the
true volume diffusion. From the fits, the tracer volume dif-
fusion coefficients, D∗E, of all elements can be determined.
The corresponding parameters of the tracer diffusion exper-
iments and the determined diffusion coefficients in the un-
affected end-members are summarized in Table I for the
Co25CrFeMnNi15 and Co15CrFeMnNi25 high-entropy al-
loys. For comparison, the tracer diffusion coefficients mea-
sured for equiatomic CoCrFeMnNi alloys26 are given, too.
Table I. Tracer volume diffusion coefficients D∗ (in 10−15 m2s−1) mea-
sured for the Co25CrFeMnNi15 and Co15CrFeMnNi25 high-entropy alloys
at 1373 K using unaffected end-members. The uncertainty of the D∗ values
is typically below 20 %. For comparison the averaged tracer diffusion coef-
ficients determined for single crystalline equiatomic CoCrFeMnNi HEA26
are shown, too.
Alloy Co Cr Fe Mn Ref.
Co25CrFeMnNi15 1.2± 0.1 3.9± 0.1 2.4± 0.1 8.2± 0.2 present work
Co15CrFeMnNi25 2.1± 0.1 5.6± 0.1 4.2± 0.1 13.3± 0.6 present work
CoCrFeMnNi 1.9± 0.2 5.0± 0.6 3.4± 0.5 9.0± 1.0 26
In both alloys, Mn is found to be the fastest element and
Co the slowest one (note that Ni tracer diffusion was not
measured in the present work). Table I suggests further that
the diffusion rates of all investigated elements are increased
by up to 75 % after alloying the opposite amount of Co and
Ni, while keeping an equiatomic ratio of the other three el-
ements. A direct comparison of the tracer and chemical
profiles in the vicinity of the Matano plane reveals imme-
diately significantly different scales on which volume dif-
fusion could reliably be followed. Indeed, if 54Mn tracer
diffusion is measurable in the region of ±400 µm and it
is ±100 µm for 57Co, the chemical changes are confined
within ±80 µm from the initial interface, see Fig. 2.
3. Combined tracer-interdiffusion measurements
In order to analyze the tracer concentration profiles of all
constituting elements developed at the original interface of
the pseudo-binary couple, the Gaussian solution, Eq. (2),
is invalid due to a strong chemical driving force. The
concentration-dependent tracer diffusion coefficients can be
determined using the framework of a thin layer isotope sand-
wich configuration48,
D∗E(c) = −
(y+a)
2t −
GE(y)
cE(y)
∂ ln c∗E(y)
∂y −
∂ ln cE(y)
∂y
(3)
where cE(y) is the concentration of the element E, c∗E(y) the
tracer concentration of the same element, GE(y) is the value
proportional to the flux of the element E. The value of the
parameter a corresponds to a misfit of the y scales for the
chemical, cE(y), and the tracer, c∗E(y), profiles and a can be
determined from the condition that the tracer diffusion coef-
ficient D∗E(c) is positive at all y. Making use of the Sauer-
Freise method49 the factor GE(y) can be determined48,
GE(y) =
cR − cL
2t
×
[
(1− YE)
∫ y
−∞
YEdy+
YE
∫ ∞
y
(1− YE)dy
]
(4)
whereYE(y) = (cE(y)− cL)/(cR− cL) is the reduced con-
centration of the given chemical element E. A variation of
the molar volume with composition is neglected, which is a
reasonable approximation in the present case.
In Fig. 3, the determined concentration-dependent tracer dif-
fusion coefficients are shown as straight lines. The profiles
show peak-like artefacts resulting from the amount of data
points and the fitting of the parameter a in Eq. 4. Since the
interdiffusion coefficients determined by the Sauer-Freise
method are typically prone to large uncertainties for the
compositions close to the end-members, the corresponding
values are indicated as dotted lines in Fig. 3.
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Figure 3. Tracer diffusion coefficients of Co, Cr, Fe and Mn as a func-
tion of the Co-concentration (represented by solid lines) compared with the
tracer diffusion coefficients measured in the sides with constant constituent
concentration (represented by dashed lines for the Co-rich side and dashed-
dot lines for the Ni-rich side) and with the tracer diffusion coefficients mea-
sured in single crystalline CoCrFeMnNi HEA26 (represented by filled sym-
bols). The dotted lines show the determined tracer diffusion coefficients for
the near end-member compositions.
The concentration dependent tracer diffusion coefficient of
Co shows a S-shaped trend and the independently measured
diffusion coefficients for the end-member concentrations,
represented by the dashed and dashed-dotted lines for the
6Co-rich and Ni-rich sides, respectively, are in a good agree-
ment with the determined trends within the typical accuracy
of about 20 % for the tracer experiments.
The present analysis predicts a clear decrease of the Co
tracer coefficient with decreasing Co concentration from 23
to 17 at. %. Contrary to that, the other elements show an
increase of the diffusion rate in this concentration range,
especially if the near-end member concentrations are not
included in the analysis. This Co behavior is the sub-
ject of an ongoing work in a pseudo-binary couple with
Co23CrFeMnNi17 and Co17CrFeMnNi23 HEAs.
The independently determined tracer diffusion coefficients,
i.e. those for the end-members, Eq. 2, and along the diffu-
sion path, Eqs. 3 & 4, for Mn are in a good agreement, while
the deviations are larger for Cr and Fe.
The tracer diffusion coefficients measured in equiatomic
single crystalline CoCrFeMnNi HEA26 are shown as filled
symbols in Fig. 3. In case of Co and Fe the volume dif-
fusion coefficients are higher than the corresponding coef-
ficients D∗E(c), however, the values overlap accounting for
the measurement uncertainties. The coefficient D∗Cr(c) is
in very good agreement with the single crystal data for Cr,
while the Mn volume diffusion coefficient in the equiatomic
state is somewhat overestimated. This relatively large de-
viation of about 50 % may probably result from the strong
up-hill diffusion contribution.
IV. DIFFUSION SIMULATIONS
A. Model description
1. Pair-wise diffusion model
In the present work, a generalized diffusion model, which
is independent of a reference element, is proposed. The
fluxes given in the lattice-fixed frame are transformed into
the laboratory-fixed frame following the approach of Boet-
tinger et al.27 who derived the flux equations for the binary
case. Extending it to the multi-component case and using the
assumption that all partial molar volumes are equal and in-
dependent of composition, as it was done for the analysis of
the experimental data above, the fluxes can be written in the
following pair-wise form (for a short derivation see the Ap-
pendix A, a detailed derivation and analysis of the resulting
diffusion equation will be published elsewhere):
J˜i = −
1
2
n
∑
j
xixj Mij(∇µi −∇µj) =
−
1
2
n
∑
j
xixj Mij∇µ˜ij (5)
with xi as the mole fraction of element i, Mij is the
concentration-dependent pair-exchange mobility and µi the
chemical potential of element i. The change of composition
is then given as:
∂xi
∂t
= −∇ J˜i =
1
2
∇
n
∑
j=1
j 6=i
xixj Mij∇µ˜ij. (6)
The sum is taken over all pairs of elements. The key point of
the present ansatz is that the thermodynamic driving force
is given by the gradient of the difference of the chemical
potentials of each pair:
µ˜ij = µi − µj =
∂G
∂xi
−
∂G
∂xj
. (7)
Mij is the pair-exchange mobility of element i and j. It
represents the exchange rate of solutes through a unit area
within the reference volumina at the continuum scale, and
should not be confused with an atomistic pair-exchange
mechanism. It may be due to an atomistically defined
vacancy mechanism with ’many’ individual jumps, or other
mechanisms. The key idea is to decompose a general multi-
solutal diffusion process in pairs of exchange processes with
a common reference in the diffusion potential.
Pair-exchange mobility Mij
The pair-exchange mobility can be derived by transforming
the intrinsic fluxes in the lattice-fixed frame of reference
Ji = −Mi
xi
Vm
∇µA into the laboratory frame J˜i including
the velocity with which the frames move with respect
to each other. Rewriting the resulting flux as pair-wise
contributions, given in Eq. 6, the pair-exchange mobility is
defined as:
Mij = xi Mj + xj Mi +
n
∑
k=1
k 6=i
k 6=j
xk(Mi + Mj − Mk) (8)
with Mk as the concentration-dependent atomic mobility of
element k. Note that for large differences in the mobilities
of different elements, in particular Mk ≫ Mi, Mj, the pair
mobility Mij can become negative. In general, this is not a
problem, since one has to ensure that the diffusion matrix
is positively defined for consistency with the second law of
thermodynamics. See also recent discussion in28.
It can be directly seen that the introduced pair-exchange
mobilities are symmetric: Mij = Mji. In the binary case the
pair-exchange mobility reduces to Mij = xi Mj + xj Mi. In
higher order systems, additional to the binary pair-exchange
mobility, a term over all other elements except i and j
(second part of Eq. 8) influences the pair-exchange mobility
between i and j. The diagonal terms (Mii) are not defined.
It is shown in Appendix B, that the generalized pair-wise
diffusion model reduces to the DICTRA model34 in the
dilute solution limit.
Atomic mobility Mi
The pair-exchange mobility Mij can be constructed from
the composition dependent atomic mobilities Mi, see Eq. 8.
7In 1992 Andersson and Ågren34 proposed to store the
temperature and composition dependent atomic mobili-
ties in CALPHAD-type kinetic databases and model the
temperature dependence as34,38:
Mi =
1
RT
M0i exp
(
−
Qi
RT
)
[magΓi] . (9)
R is the gas constant, T the temperature, M0i the frequency
factor, Qi the activation energy for diffusion and magΓi the
magnetic contribution (set to unity in the present case). It is
customary in most kinetic databases to include the compo-
sition dependence in Qi using Redlich-Kister polynomials,
while M0i is equal 1
38,50? :
Qi = ∑
j
xjQ
j
i +∑
p
∑
j>p
xpxj ∑
k
A
pj
i (xp − xj)
k (10)
with Qji and A
pj
i as fit parameters. Nearly every temperature
and composition-range in most phases is covered either by
assessments or by extrapolating the existing data to the given
system using the described scheme for composition and tem-
perature dependence.
In this paper not only kinetic databases are used to describe
the atomic mobilities but also direct use is made of the ex-
perimentally measured tracer diffusion coefficients D∗i , ap-
plying the Einstein relation:
Mi(c) =
D∗i (c)
RT
. (11)
Taking advantage of the particular set-up of the modified
tracer-interdiffusion couple (MTIC) experiment, i.e. the
diffusion measurements within the interdiffusion zone and
in the unaffected end-members (see Fig. 2), two different
data repositories, applicable for the diffusion simulations in
the given composition-range, are established:
1. The tracer diffusion coefficients determined from the
measurements in the unaffected end-members (see Table I)
are linearly interpolated and stored in the data repository
called MTIC-Lin (the functions are given in Appendix C).
2. The concentration-dependent tracer diffusion coeffi-
cients determined along the interdiffusion path using the
Belova-Murch approach48 (shown in Fig. 3) which cover the
investigated composition range and make an interpolation
redundant, are directly used. This data repository is referred
to as MTIC-BM in the following.
These two approaches allow a direct use of the experimen-
tally measured kinetic data in the diffusion simulations. It is
possible to rewrite the data in Redlich-Kister polynomials
as it is done for CALPHAD-type kinetic databases (in
Appendix C the Redlich-Kister polynomials are given as an
example for MTIC-Lin).
2. Tracer diffusion simulations
Thermodynamic and kinetic model for tracer atoms
In the following simulations the mass effect of isotopes on
diffusion is neglected. Therefore the radioactive tracer atoms
are chemically indistinguishable from the stable isotopes
(non-tracer) of the same species and their thermodynamic
and kinetic properties are considered to be the same. The
total composition of one species is then given by:
xi,tot = x
∗
i + xi. (12)
x∗i is the tracer concentration of species i and xi is the
amount of non-tracer atoms of species i. Thermodynamic
and kinetic properties are always evaluated with respect to
xi,tot. Pair-wise diffusion is applied to xi,tot and does not dis-
tinguish between x∗i and xi. Therefore the pair-wise model
does not take into account self-diffusion of tracer atoms (the
corresponding difference of the chemical potential gradients
is µi∗ − µi = 0).
Self-diffusion model
To take into account self-diffusion of tracer atoms, a second
diffusion model is used. There is no explicit exchange
between different isotopes of the same element within the
pair-exchange model as mentioned above. With the aim to
reproduce experimentally measured tracer profiles one can
safely assume that the amount of tracer atoms used in the
experiments is too small to influence the overall concen-
tration in a measurable amount (for EPMA analysis), see
Eq. 13 that was verified by direct estimates of the absolute
concentrations of tracer atoms in a diffusion experiment51.
The key point is that self-diffusion is measured and no
impurities - which may effect the vacancy concentration
especially in non-metallic systems - are introduced by
application of tracer solutions. Therefore cross terms can
be neglected and one can assume an ideal solution model.
Self-diffusion can then be described with Fick’s second law:
∂x∗i
∂t
= ∇ [Di∇x
∗
i ] . (13)
x∗i is the concentration of the tracer atoms of species i and Di
is the self-diffusion coefficient of element i (composition de-
pendence is evaluated with respect to the total composition).
Applying the fluctuation-dissipation theorem52 Di shall be
identified with D∗i in Eq. 11.
B. Simulation results
In the following simulations the annealing time and du-
ration were chosen for comparability as in the experiment
(1373 K, 48 h). The pair-wise ansatz for chemical diffu-
sion and tracer diffusion in varying chemical composition
are solved explicitly using adaptive time stepping with a con-
stant grid spacing (1 µm). The box size of the 1D simula-
tions were chosen to represent a semi-infinite sample where
the concentrations at the ends are not affected by interdif-
fusion. Fixed concentrations were taken as boundary condi-
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Figure 4. Comparison between experimentally measured interdiffusion profiles and simulated ones using the three different thermodynamic/kinetic
databases (compare Table II) for all five elements (Co, Cr, Fe, Mn and Ni) after 48 h at 1373 K.
tions. The initial amount of tracer (x∗i ) does not influence the
profiles as long as it is smaller than the overall concentration
of the given element (x∗i ≤ xi,tot). To minimize numerical
errors, the initial tracer distribution amount was chosen as
x∗i = 0.25 · δ(y) for Co, Cr, Fe and Mn, with δ(y) as the
Dirak-delta function and the distance y.
In the sublattice representation of CoCrFeMnNi all ele-
ments in the fcc lattice are on the substitutional sublattice
and the interstitial sublattice is only occupied by vacan-
cies (Co, Cr, Fe, Mn, Ni)1(Va)1. Three different sets of
databases (thermodynamic + kinetic database) are investi-
gated in the following simulations (summarized in Table II).
TCNI8/MOBNI442 and TCFE9/MOBFE453 were developed
for alloys with Ni respectively Fe as principal element. An-
other thermodynamic database was developed by Hallstedt’s
group (in the following abbreviated by HEA-DB) especially
for HEAs40. Due to the lack of an explicit HEA kinetic
database it was also combinedwith theMOBNI442 database.
The HEA databases developed by Thermo-Calc41 were not
considered in this work, due to the availability of the HEA-
DB.
Table II. Combinations of thermodynamic and kinetic databases used in
the following simulations. For the combination HEA-DB/MOBNI4, Ni as
reference element is given in brackets, because only the kinetic database is
based on a reference element: Ni.
Thermodynamic Database Kinetic Database Reference Element
TCNI842 MOBNI442 Ni
TCFE953 MOBFE453 Fe
HEA-DB (Hallstedt’s group)40 MOBNI442 (Ni)
1. Interdiffusion
The experimentally measured and simulated interdiffu-
sion profiles using the three different database combinations
given in Table II are shown in Fig. 4.
Co and Ni
The simulated profiles for Co and Ni are for all database
combinations considerably shallower than the experi-
mentally measured profiles. Using TCNI8/MOBNI4 and
HEA-DB/MOBNI4 the predicted profiles nearly coincide
for both elements. For Co the simulated profile using
TCFE9/MOBFE4 is closer to the experimental result than
the others. For Ni, all database combinations provide
nearly similar descriptions strongly deviating from the
experimental profile.
Cr, Fe and Mn
For the three elements Cr, Fe and Mn, uphill diffusion
was observed in the experiment and is also observed in the
simulations. For Cr and Fe the simulated results reveal
uphill diffusion in the opposite direction than the experi-
ment (Experiment: uphill diffusion along the concentration
gradient of Ni; Simulations: uphill diffusion against the
concentration gradient of Ni - see Fig. 4). The different
databases are only distinct from each other in the magnitude
of the uphill profile. For Mn the simulated profiles using
TCFE9/MOBFE4 and HEA-DB/MOBNI4 show uphill
diffusion in the same direction as the experiment while for
TCNI8/MOBNI4 the profile is rather flat.
It should be noted that the database combinations
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Figure 5. Composition dependent atomic mobilities for Co, Cr, Fe, Mn and Ni. Cr, Fe and Mn concentration is assumed to be constant (20 at.% each). The
grey squares are the values determined from the experiments in constant composition (compare Table I) and a linear interpolation between the end points is
shown as solid line (MTIC-Lin). MTIC-BM (blue crosses) represents the result from the modified tracer-interdiffusion couple.
TCNI8/MOBNI4 and TCFE9/MOBFE4 were not de-
veloped for the equiatomic composition range. But although
the HEA-DB thermodynamic database was developed
for the given composition range, simulations using this
database cannot reproduce the experimentally measured
profile, which might be due to the not fitting kinetic
database.
2. Comparison of atomic mobility databases to experimental
results
Atomic mobilities which are directly related to the self-
diffusion coefficients by the Einstein relation (Di = RTMi)
and their composition dependence play a significant role in
interdiffusion, see Eq. 6, and in tracer diffusion, see Eq. 13.
In Fig. 5 the composition dependence of the atomic mobil-
ities from different sources is presented with respect to the
variation of the Co/Ni concentration. Cr, Fe and Mn concen-
trations are assumed to be constant (20 at.%) while the Co
concentration is increased on the expense of Ni. This rep-
resents the simplified version of the zone with neglection of
uphill diffusion.
The atomic mobilities determined using the modified tracer-
interdiffusion couple (MTIC) along the interdiffusion path
and shown in Fig. 3 are represented by blue crosses. To con-
vert it into a function only depending on the Co/Ni concen-
tration, the result was averaged over the Co concentration
(assuming the deviations of Cr, Fe and Mn from 20 at.% are
negligible). The tracer volume diffusion coefficients listed
in Table I for Co25CrFeMnNi15 and Co15CrFeMnNi25 are
shown by grey squares. To obtain a continuous composition
dependence, they were linearly interpolated along the diffu-
sion path (grey solid line).
For Co the atomic mobilities are highest obtained from
MOBNI4 database and they are decreasing with increas-
ing Co concentration. Atomic mobilities from MOBFE4
database are the lowest ones and those ones determined from
the experiments are in between. For Cr the atomic mobilities
from MOBFE4 and MOBNI4 are similar to each other and
smaller than those ones obtained from the experiments. The
same accounts for the atomic mobility of Fe, but in this case
the databases offer higher values than those ones determined
from the experiments. In case of Mn the atomic mobilities
from MOBNI4 are higher than those ones from MOBFE4.
Again the experimentally determined atomic mobilities are
intermediate.
Ni tracer diffusion was not measured in the combined tracer
and interdiffusion experiment, but there are data for the
equiatomic alloy (only tracer) at the same temperature.
Since the composition dependence of the Ni tracer diffu-
sion coefficient was not evaluated, it is taken in the follow-
ing simulations as a constant. A comparison of the mea-
sured Ni tracer diffusion coefficient in the equiatomic alloy
to the data from the MOBNI4 and MOBFE4 database is also
shown in Table III. In both databases Ni diffusion is pre-
dicted as one order of magnitude faster than it is measured
in the equiatomic alloy.
3. Influence of the atomic mobilities on the interdiffusion profiles
For the following simulations only HEA-DB40 is
considered for thermodynamics and combined with the
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Figure 6. Comparison between experimentally obtained interdiffusion profiles and simulated ones using the HEA-DB40 combined with different atomic
mobility databases (compare Fig. 5) for all five elements (Co, Cr, Fe, Mn and Ni) after 48 h at 1373 K.
Table III. Comparison of Ni self-diffusion coefficients in equiatomic
CoCrFeMnNi at 1373 K.
Source D* (10−15 m2s−1)
MOBNI4 9.54
MOBFE4 10.50
Experiment 0.83
different CALPHAD-type kinetic databases (MOBFE4 and
MOBNI4) and the new kinetic databases (MTIC-Lin and
MTIC-BM) determined from experiments. For MTIC-Lin
and MTIC-BM the Ni diffusivity is taken as constant
(D∗Ni = 8.34×10
−16 m2s−1) determined from the tracer
diffusion experiment in the equiatomic sample. The result-
ing interdiffusion profiles are shown in Fig. 6.
Co
In case of Co the MOBNI4 database provides the highest
atomic mobilities while the MOBFE4 database gave the
smallest ones. The atomic mobilities obtained from the
experiments were in between (compare Fig. 5). The sim-
ulated diffusion profiles do not represent this order. Both
simulations using the atomic mobilities from the databases
were significantly faster than the experiment. Using the
atomic mobilities determined with the MTIC approach
(MTIC-Lin and MTIC-BM data repository), both reproduce
the experimental result very well. This highlights that the
resulting Co interdiffusion profile is significantly influenced
by the mobilities of the other elements. We highlight that
exactly such cross-correlations are inherent for the new
ansatz proposed in the present paper, Eq. 8.
Ni
The largest deviations between the atomic mobilities from
the databases and the experiment were found for Ni, see
Table III and Fig. 5, which is reflected in the final Ni
interdiffusion profile. Using the kinetics from the databases
(MOBFE4 and MOBNI4) results in significantly flatter
profiles than the experimentally measured one, while using
the Ni self-diffusion coefficient as a constant, obtained from
the tracer experiment in the equiatomic alloy, reproduces it
very well, Fig. 5.
Cr, Fe and Mn
Applying the MTIC-Lin, as well as the MTIC-BM kinetic
data, uphill diffusion for Cr and Fe reverts compared to the
profiles obtained using the CALPHAD-type databases. For
Cr the measured diffusivities (MTIC-Lin and MTIC-BM)
are slightly higher than those ones from the databases, and
for Fe it is the other way around. Because this inversion can
only be seen when Ni is slowed down, the cross effects with
Ni play a key role for diffusion of Cr and Fe.
For Mn the uphill diffusion is in the same direction as in the
experiment although it is not as distinct as in the experiment.
Using the MTIC-BM approach gives a slightly better result
than using MTIC-Lin.
4. Tracer diffusion simulations
It was shown in the previous section that the measured
self-diffusion coefficients in this work play a key role for
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Figure 7. Comparison between experimentally obtained tracer profiles and simulated ones in the interdiffusion zone. The thermodynamic database HEA-
DB was used and combined with two different composition dependent atomic mobility data repositories: MTIC-Lin and MTIC-BM (compare section IVA1
- Atomic mobility Mi).
the interdiffusion profiles. The advantage of the combined
tracer-interdiffusion experiment is not only the determina-
tion of the composition dependent self-diffusion coefficients
but also the measured tracer profiles that can be compared to
the simulated ones.
The experimental and simulated tracer profiles in the inter-
diffusion zone are shown in Fig. 7. The results are given for
the thermodynamic database HEA-DB combined with the
atomic mobilities from MTIC-Lin and MTIC-BM. For all
four elements the differences between the curves are small.
For Co and Fe the whole profile is better represented using
the MTIC-BM data repository. For Cr the Ni rich (right) side
is better reproduced usingMTIC-Lin, while the Co rich (left)
side is better with MTIC-BM. For Mn the Co rich (left) side
is slightly better using MTIC-Lin while the Ni rich (right)
side is perfectly represented using MTIC-BM.
V. SUMMARY
In the present work, the concentration dependent tracer
diffusion coefficients and the tracer diffusion coefficients of
the unaffected end-members were determined for the first
time using a modified tracer-interdiffusion couple approach.
All the unaffected end-member tracer diffusion coefficients
increase up to 75 % with decreasing Co-concentration along
the diffusion path. The concentration dependent tracer
diffusion coefficient of Co was found to follow a non-
monotonous behaviour, which is influenced by the up-hill
diffusion of Mn. The end-member diffusion coefficients
of Co, Fe and Mn are in a good agreement with the de-
termined trends for intermediate concentrations, while Cr
shows larger deviations.
Based on the experimentally determined atomic mobili-
ties, the prediction of the experimental results by diffusion
simulations using a new ansatz for the generalized diffu-
sion model is more exact than using other existing kinetic
databases. Using the experimental results of the modified
tracer-interdiffusion couple (MTIC) as the mobility database
and the thermodynamic database by Bengt-Hallstedt (HEA-
DB) - which was developed for the given near-equiatomic
compositions - the simulations predict the interdiffusion-
profiles as well as the tracer-profiles very well. For the ele-
ments without an initial concentration gradient the direction
of the up-hill diffusion agrees perfectly with the experiment
when the MTIC-Lin or MTIC-BM results are used, while it
is reverse if the existing databases with Fe or Ni as the refer-
ence element are applied.
Accounting for significantly different scales on which tracer
and chemical diffusion near the Matano plane could be fol-
lowed, Fig. 2, we conclude that the concept of ’sluggish’
diffusion - if at all - may be applicable for the description of
chemical instabilities in HEAs, but definitely not for tracer
diffusion in these alloys.
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APPENDIX A - DERIVATION OF THE PAIR-WISE
DIFFUSION MODEL
In a multi-component system the following relations are
given and used in this derivation: xj = cjVm, Vm =
∑
n
j=1 xjV˜j, ∑
n
j=1 V˜jcj = 1, ∑
n
j=1 V˜jdcj = 0 and the Gibbs-
Duhem relation (Vm is the molare volume and V˜j the partial
molare volume with respect to element j).
Starting from the mass conservation equations as in27:
∂cj
∂t
+∇Jj +∇(cj ∗ v) = 0 (A1)
(A2)
and replacing the velocity by:
∇v = −
n
∑
i=1
∇JjVj (A3)
results in:
∂cj
∂t
= −∇
n
∑
i=1
i 6=j
Vici Jj +∇(cj
n
∑
i=1
i 6=j
JiVi) (A4)
Inserting the intrinsic flux Ji = −M̂ici
∂µi
∂z
and making use
of the Gibbs-Duhem equation:
∂cj
∂t
= −∇
n
∑
i=1
i 6=j
[ n
∑
k=1
k 6=j
cick M̂jVk∇µi + cicj M̂iVi∇µi
]
(A5)
Multiply by 1 = ∑ni=1 xi = Vm ∑
n
i=1 ci:
1
Vm
∂cj
∂t
= −∇
n
∑
i=1
i 6=j
[ n
∑
k=1
k 6=j
cick M̂jVk∇µi + cicj M̂iVi∇µi
]
×
n
∑
l=1
cl (A6)
Finally rewrite this term into pair-interactions:
∂xj
∂t
=
1
Vm
∇
n
∑
i=1
i 6=j
[( n
∑
k=1
k 6=j
k 6=i
xixjxk(M̂iVi − M̂kVk + M̂jVk)
+ xixj(xi M̂jVi + xj M̂iVi)
)
∇(µj − µi)
]
(A7)
Assume Vi = Vj = Vk = Vm:
∂xj
∂t
= ∇
n
∑
i=1
i 6=j
[
xixj
(
xi M̂j + xj M̂i +
n
∑
k=1
k 6=j
k 6=i
xk(M̂i + M̂j − M̂k)
)
∇(µj − µi)
]
(A8)
Finally we introduce a factor 1/2, Mi =
1
2 M̂i, for model con-
sistency with experimental data in the dilute limit (compare
Appendix B):
∂xj
∂t
=
1
2
∇
n
∑
i=1
i 6=j
[
xixj
(
xi Mj + xj Mi +
n
∑
k=1
k 6=j
k 6=i
xk(Mi + Mj − Mk)
)
∇(µj − µi)
]
(A9)
APPENDIX B - DILUTE SOLUTION LIMIT OF
PAIR-WISE DIFFUSION MODEL
For simplification the Gibbs energy is given by an ideal
solution model:
Gideal =
n
∑
i=1
xiGi(T)− TS
ideal (B1)
=
n
∑
i=1
xiGi(T) + RT
n
∑
i=1
xi ln (xi) (B2)
The derivatives of the chemical potentials with respect to site
fractions are given as
∂µ j
∂x j
= RTx j and
∂µ j
∂xk
= − RTx j .
Rewriting the diffusion equation depending on the concen-
tration gradient:
∂xj
∂t
=
1
2
∇
n
∑
i=1
i 6=j
[( n
∑
k=1
k 6=j
k 6=i
xixjxk(Mi + Mj − Mk) +
xixj(xi Mj + xj Mi)
) n
∑
l=1
(
∂µj
∂xl
−
∂µi
∂xl
)
∇xl
]
(B3)
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Replacing the derivatives of the chemical potential:
∂xj
∂t
=
1
2
∇
n
∑
i=1
i 6=j
[( n
∑
k=1
k 6=j
k 6=i
xixjxk(Mi + Mj − Mk) +
xixj(xi Mj + xj Mi)
)
×( n
∑
l=1
l 6=i
l 6=j
(
−
RT
xj
+
RT
xi
)
∇xl +
(
−
RT
xj
−
RT
xi
)
∇xi +(
RT
xj
+
RT
xi
)
∇xj
)]
(B4)
Replace the gradient of xi: ∇xi = −∑
n
m=1
m 6=i
∇xm and
rewrite the equation:
∂xj
∂t
= RT∇∑
i=1
i 6=j
[( n
∑
k=1
k 6=j
xjxk Mj −
n
∑
k=1
k 6=j
xjxk Mk + xj Mi
)
×
n
∑
l=1
l 6=i
∇xl +
(
xi Mj − xjxi Mj + xjxi Mi
)
∇xj
]
(B5)
In the dilute limit: xj → 0:
∂xj
∂t
= RT∇∑
i=1
i 6=j
xi Mj∇xj (B6)
∂xj
∂t
= RT∇Mj∇xj (B7)
Note that this convention is different to the DICTRA con-
vention by a factor of 2 (compare Eq. A9).
APPENDIX C - DATA REPOSITORIES
The composition dependent atomic mobilities (except for
Ni) in the MTIC-Lin data repository are given as: (in
m2Js−1mol−1 at T = 1373 K)
MCo = −7.90× 10
−19 + 3.03× 10−19 · xCo
MCr = −14.9× 10
−19 + 7.15× 10−19 · xCo
MFe = −15.8× 10
−19 + 6.05× 10−19 · xCo
MMn = −45.2× 10
−19 + 18.5× 10−19 · xCo
MNi = 7.3× 10
−20
These equations can be rewritten in the Redlich-Kister ex-
pansion compatible with the DICTRA-notation: (in Jmol−1)
Mobility of Co:
MQ(FCC,CO:VA,0) = QCoCo = −430713
MQ(FCC,CR:VA,0) = QCrCo = −368291
MQ(FCC,FE:VA,0) = QFeCo = −368291
MQ(FCC,MN:VA,0) = QMnCo = −368291
MQ(FCC,NI:VA,0) = QNiCo = −368291
Mobility of Cr:
MQ(FCC,CO:VA,0) = QCoCr = −360576
MQ(FCC,CR:VA,0) = QCrCr = −400765
MQ(FCC,FE:VA,0) = QFeCr = −360576
MQ(FCC,MN:VA,0) = QMnCr = −360576
MQ(FCC,NI:VA,0) = QNiCr = −360576
Mobility of Fe:
MQ(FCC,CO:VA,0) = QCoFe = −360546
MQ(FCC,CR:VA,0) = QCrFe = −360546
MQ(FCC,FE:VA,0) = QFeFe = −423196
MQ(FCC,MN:VA,0) = QMnFe = −360546
MQ(FCC,NI:VA,0) = QNiFe = −360546
Mobility of Mn:
MQ(FCC,CO:VA,0) = QCoMn = −348709
MQ(FCC,CR:VA,0) = QCrMn = −348709
MQ(FCC,FE:VA,0) = QFeMn = −348709
MQ(FCC,MN:VA,0) = QMnMn = −402756
MQ(FCC,NI:VA,0) = QNiMn = −348709
Mobility of Ni:
MQ(FCC,CO:VA,0) = QCoNi = −387994
MQ(FCC,CR:VA,0) = QCrNi = −387994
MQ(FCC,FE:VA,0) = QFeNi = −387994
MQ(FCC,MN:VA,0) = QMnNi = −387994
MQ(FCC,NI:VA,0) = QNiNi = −387994
∗ For correspondence: daniel.gaertner@wwu.de † For correspondence: divin@wwu.de
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